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Preclinical positron emission tomography (PET) is a proven non-invasive 
imaging method for studying disease development or progression and observing of new 
radiotracers and pharmaceuticals for clinical use in future. Preclinical radiological tests 
usually conduct for rats, mice and rarely. PET system for visualization of in this test 
called small-animal PET. 
Due to lower size of animal compare to human images resolution should be 
much lower than for human studying. However, it is possible to deliver much more 
activity in mouse per unit volume. That is why small-animal PET system have different 
sizes, configuration, equipment etc.  
Necessary electronic for small-animal PET increase price significant. In this 
work observed PET systems with ideas that allow to build cheaper configuration 
without dramatically loosing of resolution.   
One of the ideas is to use silicone photomultipliers (SiPM) array with 
checkboard order cells. It means reducing number of SiPM cells in a half. However, 
the uniformity of resolution in such configuration should be estimated.   
Second similar option is to use sparse SiPM matrix with spacing between cells. 
This configuration more flexible and allows to set different fill factors of SiPMs. 
Anyway, performance should be calculated.  
On the optimization and planning stage the best option is to provide realistic 
simulation model and after based on it to build real detector. It is so named digital twin 
technology. So, in this work high mutable and flexible model of small-animal PET 
system is provided.  
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1 Literature review 
1.1 PET principle 
1.1.1 Radiotracers 
 
Firstly, PET method based on radiotracers. So named tracer isotopes of element 
have difference in their properties (radioactivity, atomic mass) and replace original 
isotope in chemical compound or mixture. The behavior of the radiotracers 
characterizes the behavior chemical processes in body [1]. With radiotracer is also 
possible to track the distribution of a substance in a system of cells or tissues or describe 
as a tracer for flows or gases.  
There are different isotopes but the most famous used in PET are: F18, C11, N13, 
O15. All of them are short-lived isotopes with half-time less than 2 hours. More detailed 
information about chemical principle of working of each tracer can be found in work 
[1]. 
Most of all PET radioisotopes are produced on cyclotron. A cyclotron consists 
of two hollow semicircular metal electrodes (dees) located between the poles of an 
electromagnet and separated by a narrow gap (Figure 1.1 [2]). An ion source (usually 
an electric arc in a gas) is located near the center of the dees, which serves as a generator 
of charged particles. At the moment of operation, the particles are pulse generated by 
the ion source. A filament located in an ion source creates a negative charge by 
attaching electrons to an atom.  
When negative ions enter the vacuum chamber, they acquire energy due to the 
high-frequency alternating electric field induced on the dees. Ions are exposed to an 
electric field and a strong magnetic field generated by an electromagnet. When 
negative ions reach the edge of the dee and enter the gap, the radiofrequency oscillator 
reverses polarity on the dees and the ions are repelled as they enter the previously 
positively and now negatively charged dees. With each pass of the gap, the energy and 
radius of the orbit of the particles increase and the particles move in a spiral. When the 
maximum values are reached at the last turn of the spiral, a deflecting electric field is 




Figure 1.1 – Scheme of cyclotron 
 
The proton beam from the cyclotron enters the target chamber and through a 
nuclear reaction converts the stable target material (stable chemical isotope) into a 
radioactive isotope [3]. 
The radioisotopes produced at the cyclotron are transferred to the synthesizer 
[4] where they are attached to the chemical compounds used in the laboratory or clinic. 
After the distribution in the body is wanted to be monitored. Atoms naturally occurring 
in organic compounds are replaced with labeled ones. 
 
1.1.2 PET detection principle 
 
To conduct the study, a small amount of a radioactive radionuclide is injected 
intravenously to the animal the radionuclide enters the cells and is distributed into 
them. After some time, a scanner measures its concentration in the tissues. Scanner 
sensitive is enough to detect even a small amount of the radioactive composition. 
During the decay nucleus is overexcited by positive charge. To return on stable 
condition a radioactive substance positron emission occurs. A positron transfers with 
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some small range [5] and collides with electron of medium (usually water). In this 
moment positron annihilate with electron and summary energy of particles converts to 
two photons. Annihilation photons have energy each 511 keV and opposite directions. 
Therefore, after annihilation gamma particles form straight line so called line of 
response (LOR). Detector system register events of two photons simultaneously and 
when energy of inherent photons in chosen energy window.  Usually for pet detectors 
uses scintillators and time between conversation and registration very small. Principle 
scheme of detection is shown in Figure 1.2 [6]. 
 
Figure 1.2 – Basic principle of PET detection 
 
Usually scintillator with SiPM or photomultiplier tube is used for detector 
system. Due to much smaller size of SiPM pixel now commercial variants provide 
mostly SiPM variants to achieve best resolution.  
 
1.1.3 PET reconstruction 
 
Data acquired from scanning represents set of registered LORs. Often such data 
named as sinogram. LORs can be storage in different format. Import part of 
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visualization systems is to provide the most native and widely used representation of 
studying object. Reconstruction is the solution of this problem. Reconstruction is a 
process of transferring of raw LORs data to volume in 3D or 2D space of distribution 
of radioactive isotope in body.  
Mathematically system of acquisition can be expressed as [7]: 
,p H f d     (1.1) 
where   p – acquired data (set of LORs); 
H – model of system, usually matrix of probabilities of voxel to produce and 
detect LORs; 
f – unknown volume, for PET distribution of specific activity in body. 
d – error of measurements, difference between “true” image and reconstructed 
one. 
In situation when d is zero and system can be determined just through geometry 
problem of reconstruction could be solved analytically. Such transition from f to p from 
point of mathematics named as Radon transformation. Therefore, reverse transition 
form p to f it is inverse Random transformation [8].  
Anyway, if d supposed as deterministic number or matrix of numbers the 
problem of reconstruction can be solved analytically. There are different methods of 
analytical solution. The most popular one if filtered-back projection (FBP) [9]. FBP 
based on back projection step where volume filled along LOR with intensity of voxels 
proportion to acquisition data for same value of LOR. Filtration step takes into account 
non-uniformity spacing of LOR in volume and allows excluding oversampling of lines 
problem and noises on some frequencies. In practice Ram-Lak [10, 11], Hann [12] and 
Sheep-Logan [13] filters. Analytical methods provide definite image, but does not 
include some physical specialties and dependence of noise. That is why FBP can show 
noisy images. However, is FBP still one of most popular methods of reconstruction 
due to high computation speed and low PC requirements. 
More real assumption to suppose error d as stochastic value. For solution of 
such problem iterative methods are used [7]. There a lot of iterative methods depending 
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on the criteria of best image and objective function. The most popular methods are:  
 Expectation maximization (EM): 
 Maximum likelihood EM (MLEM) [14, 15] 
 Ordered subset EM (OSEM) [16] 
 Algebraic reconstruction technique (ART) 
 ART [17, 18] 
 Simultaneous ART (SART) [19, 20] 
 Bayesian reconstruction 
 Maximum a posteriori (MAP) [21, 22] 
 Ordered subsets maximum a posteriori using one step late (OSMAPOSL) 
[23, 24] 
Iterative algorithms allows to include noise in processing and also to provide 
more real model and physics properties. On the other hand, computation time could be 
really huge and significantly greater the FBP reconstruction time. 
Often PET is combined with computed tomography (CT) or magnetic 
resonance imaging (MRI) there are different methods of combing results and introduce 
corrections such as: attenuation [25], scatter [26, 27], random [28], detector efficiency 
[29, 30], dead time [31]. 
Also modern equipment allows to use time-of-flight (TOF) technique [32, 33], 
but for small-animal this approach is not applicable due to sizes [34]. 
 
1.2 Existing small-animal PET scanners 
 
There are a lot of varies of small-animal PET systems. Also papers often 
describe hypothetical expensive options that now unavailable for real commercial 
scanners. Therefore, only real commercial systems were observed. 
To understand general orders of need to define comparable parameters of 
system.  
Firstly, spatial resolution as observed option were chosen. Spatial resolution 
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shows the minimal distance that scanner can differentiate. Due to small size of animal’s 
organs this parameter has high importance in visualization. 
Secondly, sensitivity was observed. It describe ability to detect photons. 
Usually sensitivity measured in counts per unit time per unit activity. Also can be 
measured absolute sensitivity in percentages – ratio of emitted photons and detected 
one.  
It is worth noting spatial resolution and sensitivity depends on location in 
volume and studying object. However, most of existing systems provide tests with 
similar phantoms and with same standard NEMA NU 4-2008 [35] [36]. So in general 
it is possible to provide some comparison. 
Thirdly, field of view (FOV) should be included in metrics. FOV limits the size 
of studying object and obliviously manufactures tries to make FOV as much as 
possible. However, increasing of FOV increasing the cost of scanner and usually FOV 
has same orders as group of studying objects.  
Due to big number of combined scanners with CT or MRI it is hard to find clear 
PET systems. As project assumes integrations with CT the PET configurations with 
MRI were not included.  
In works [37, 38] there are observation of commercial preclinical PETs with 
describing. Also in work [39] comprehensive table of performance of huge amount of 
small-animal PETS is provided. The table is shown in Appendix A and all data sheets 
and other performance information of scanners is provided in this work. 
Average spatial resolution through all scanners is 1.52 mm. The best value 0.89 
mm is provided by Albira Si scanner by Bruker company [40]. It worth nothing Bruker 
scanner uses monolithic crystal of LYSO that allows to use depth-of-interaction (DOI) 
approach and improve determination of LORs and as a consequence the resolution. 
Also scanner G8 by Sofie [41] has a submillimeter resolution. But in open access a 
little amount of information about configuration of G8 can be found. Also it is possible 
to observe that for good resolutions uses iterative reconstruction methods mostly [39]. 
Average absolute sensitivity is about 5 %. But there are scanners with relatively 
huge sensitivity such as: PETBox4 by UCLA [42] (18.1 %), G8 by Sofie [41] (17.8), 
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β-cubes by Molecubes [43]. In the most of situations high sensitivity reaches by 
increasing of solid angle from point of geometry, Also or high sensitivity can be used 
scintillator with high stopping power and/or with high thickness [39].  
On of the important properties is energy resolution. Energy resolutions defines 
ability to differentiate photons by energy. Average resolution through scanners is 18 
%. The best value has scanners: LFER 150 by Mediso [44], The worst results have 
scanners: Argus by Sedecal [36] (26 %), ClearPET by Raytest GmbH [45] (25 %), 
LabPET12 by Gamma Medica [46] (20 %). Main parameters influenced on energy are: 
energy resolution of scintillator, reflectivity of surfaces, geometry and electronic 
photon detection efficiency (PDE).  
Average transaxial FOV is around 101 mm. The biggest transaxial FOV is 
observed with LFER 150 by Mediso [44] (200 mm) and the smallest one with 
PETBox4 by UCLA [42] (45 mm). Average axial FOV is around 91 mm. The biggest 
axial FOV is observed with ClirvivoPET by Shimadzu [47] (151 mm) and the smallest 
one with VrPET by Sedecal [48] (45.6 mm) and VECTor by MILabs [49] (36 mm). In 
general the axial FOV is slightly lower then transaxial FOV. However, increasing of 
FOV increase cost of system, so FOV sizes depends significantly on required sizes of 
object and preferences of customers.  
Below are different technical solution observed. 
 
1.2.1 Scintillator material 
 
PET imaging requires some properties from candidate to scintillator in 
detection system [50]. First off all, scintillator should have high stopping power due to 
high energy of photons. Higher stopping power means lower thickness of scintillator 
that reduce parallax effect and increase sensitivity. Secondly, light yield takes part in 
energy resolution and increasing of sensitivity of system. As PET uses coincidence 
principle useful events are important for detection. And finally, decay time is 
considered in scintillator choose. As activity of radioisotope could be high it is 
necessary to avoid dead time. In addition, spectrum emission and other parameter 
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should are play role with observing the detection system as an whole with 
photomultiplier tube (PMT) or SiPM. 
BGO [51] is one of the very first scintillation materials that have been used in 
PET scanners. It has high stopping power and density, which allows increasing rate of 
counted photons. On the other hand, light yield and decay time are small enough that 
limits the approaches for high-resolution PET systems. Now mainly, BGO scintillator 
used for low-cost scanners [52]. 
One of the popular scintillators meeting the requirements are LYSO [53, 54] 
and older version LSO [54]. Lutetium scintillator have great light yield (≈ 32 photons 
per keV) has the same stopping power as BGO. LYSO is improved version of LSO 
from point of decay time (36 ns vs 40 ns) and light yield (33 photon/keV vs 26 
photons/keV). 
GSO [55] has great decay time and required stopping power, but small light 
yield compare to LYSO (7.6 photons/keV). Also GSO does not contain any 
radioisotopes. There are approaches shows ability of applying of GSO scintillators [56, 
57]. 
Others scintillator used much lower but it worth nothing implementation of 
MLS [58] and LuYAP [59] in PET.  
Table [58] with most common scintillator properties is presented below. 
 
Table 1.1 – Main properties of commonly used PET scintillators. 
 LSO LYSO MLS GSO BGO CWO LGSO 
Light yield, ph/keV 31.00 33.20 23.56 7.60 8.5 27.3 23.56 
Peak emission, nm 420 420 420 430 480 475 425 
Decay time, ns 40-47 36 36-39 30-60 300 14500 40 
Refractive index 1.82 1.81 18.83 1.85 2.15 2.20 1.81 
Density, g/cm3 7.4 7.1 7.3 6.71 7.13 7.9 6.5 
 
1.2.2 PET detectors electronic  
 
The light from scintillator should be collected with some electronic. In general, 
there are options such as: PMT, position sensitive PMT (PSPMT), multichannel PMT 
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(MCPMT), avalanche photodiode (APD) and SiPM methods [39, 60].  
Most primitive PMT is works based on amplification of photoelectrons created 
from bombarding of photocathode by optical photons. In modern state-of-art scanners 
PMT is not used due to sizes of tube. With PMT’s dimensions is impossible to get high 
resolution. Classic PET configurations use pixelated scintillator array coupled to PMT 
[61]. 
MCPMT [62] is improved version of PMT from point of gain effect. MCPMT 
uses micro channels coated by dynode material. Secondary electrons occurs from 
coating. Such configuration improve time resolution of electronic [60]. 
MSPMT [63] configuration distinct from MCPMT replacing single with array 
of small anodes (multiple anode). Such change allows to define location of inherent 
light. Such electronic increase resolution of system, but average cost also increased 
[60]. 
APD are highly sensitive semiconductor devices that convert light into an 
electrical signal due to the photoelectric effect. They can be considered as 
photodetectors providing internal amplification through the avalanche multiplication 
effect [60]. Some approaches demonstrate ability of usage for high-resolution PET as 
cost-efficiency [64, 65]. APD has great time and quantum efficiency performance [66]. 
SiPM solution combines advantages of PMT and APD [66]. SiPM has high 
gain and time resolution and small sizes. Hovewer, cost of such technology now not 
allows to use it everywhere. SiPM is solid photodetector contained bunch of small 
integrated single-photon avalanche diodes (microcells) [67]. There are two types of 
SiPMs such as: analog SiPM (a-SiPM) and digital SiPM (d-SiPM). a-SiPM contains 
independent cells, but connected to a common readout electronic. Such configuration 
have great sensitivity and detection efficiency, but it is impossible to count photons 
separately. d-SiPm has independent cells with independent corresponding electronic 
and readout. Such sensor allows to get more full information about light pulse. 
Consequently,  d-SiPMs have high single photon sensitivity.  




1.2.3 Geometry configurations 
 
Usually PET systems represented like system of detector plates which forms 
ring configuration. Examples of small-animal PET configurations are shown in Figure 
1.3 [68]. The geometry configuration mainly depends on required FOV or FOV’s ratio 
and technology of detector’s plates. Obliviously more FOV system costs more. 
It worth nothing that older scanners give possibility to image bigger animal like 
monkeys so usually TFOV was big enough. Now state-of-art scanner orient on 
proceeding mice or rats. That is why never systems have bigger AFOV and relatively 
small TFOV (ring diameter).  
 
Figure 1.3 – PET geometry examples 
 
1.2.4 Spatial resolution design considerations 
 
Spatial resolution mainly depends on minimal size of sensitive elements. Also 
Geometry, configuration and range of positron are factors of spatial resolution. 
Obliviously spatial resolution from point of detection system depends on ability 
to define LOR as close to truth as possible. Therefore, resolution of determination of 
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absortion point of  511 keV photons directly influenced on LOR evaluation. As was 
stated parallel coordinates of photon absorption to sensors plate or cells could be 
achieved by d-SiPM or pixelated scintillators. But due to non-zero thickness of 
scintillator the depth-of-interaction (DOI) is unknown from SiPM output information. 
In situation, when DOI considered as not detected means DOI varies from 0 to 
thickness of scintillator. Such uncertainty increase area of possible LOR detection. This 
problem is named parallax effect. In Figure 1.4 the explanation of parallax effect is 
shown [69].  
 
Figure 1.4 – Explanation of parallax effect 
 
To reduce parallax effect scintillator thickness can be reduced, but the 
sensitivity in this situation reduced too. Also zero or close to zero thicknesses are 
ineffective and requires a lot of radioisotopes and time.  
Second option of reducing parallax is DOI estimation. There are different 
approaches to solving of this problem such as [70]: multiple crystal layers (Figure 1.5 
A); multiple layers of scintillator-SiPM couples (Figure 1.5 B); layers with different 
scintillators materials (Figure 1.5 C); dual-ended sensors readout (Figure 1.5 D), 
monolithic scintillator (Figure 1.5 E); phosphor-coating approach (Figure 1.5 F). 
Schematic presentation of approaches is presented in Figure 1.5 [39]. 
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Multiple crystal layers with reflector can distinct different DOI layer based on 
knowledge what array pixels get light photons . Usually different layer offset relativity 
to each other in such way that the most deep layer can get counts only in one pixel, 
abortions in second layer lead to counting in 4 or more neighbor pixels and so on [71]. 
Number of DOI levels from 2 up 4 usually used. 
With direct DOI encoding detector unit presented like stacked independent 
couples of readout electronic and scintillators [72, 73]. Such system obliviously can 
have high number of layers, but the number of sensors unit and corresponding channels 
of electronic increased highly and in consequence of this cost increased fast enough. 
 
Figure 1.5 – Approaches for DOI encoding 
 
Solutions with different scintillator materials layers usually named phoswich 
(phosphor sandwich) detectors. Phoswich detectors based on ability to distinct pulse 
time characteristics for different scintillators [74]. Often combination of materials are 
NaI(TI)/BGO and LSO/LuYAP [70]. 
Dual-readout approach based on evaluation of ration between two sides [75]. 
Some works  show ability to get DOI resolution up to 2 mm [75]. It worth nothing that 
The cost of electronics doubled compare to single readout. 
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Monolithic scintillator [76] method has several important advantages for 
detection. Firstly, method is quite simple and cost-effective. The number of SiPMs are 
stay the same and scintillator has simple shape that is easier for production. Such 
configuration work based on collcted spectrum of light on SiPM. By the shape of 
distribution it is possible to make assumptions about DOI. Main problem of such 
method is distortion of resolution near to edges due to reflection. One of semi-solution 
is using absorption materials on surfaces.  
In other approach phosphor coating modifies decay time of detected pulses 
such way that it depends on DOI [77]. With this method DOI resolution from 8 to 5 
mm can be achieved. 
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2 PET Monte-Carlo simulation  
2.1 General features of scanner 
 
Based on observed variants, existing approaches and available channels 
number the next configuration was offered configuration that shown in Table 2.1. 
Table 2.1 – Simulated PET general features 
Feature Solution 
Scintillator material LYSO 
Electronic d-SiPM 
Performance accent Spatial resolution 
DOI evaluation Monolithic scintillator 
Plate channels 64 
Number of all channels 1024 
 
Monolithic scintillator approach was chosen due to easy manufacturing and not 
increasing of number of SiPMs. Also there are existing PET systems (Albira Si) with 
grate performance based on monolithic scintillator approach.  
Based on features next detector’s checkboard order and sparse plates were 
suggested. In Figure 2.1 is presented view of checkboard detector plate. 
 
Figure 2.1 – Detector’s plate with checkboard order, isometric view 
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The size of SiPM cells is 6 cm on 6 cm. Number of SiPMs are 16 along length 
and 8 along width. As with checkboard pattern the number of SiPMS will be the half 
from number of same dense array the result quantity of SiPMs is 16*8/2 = 64 that is 
perfect from condition of number of channels. Therefore, from number of SiPM is 
possible to get length and width of plate. Length is 16*6 = 96 mm and width is 8*6= 
48 mm.  
Due to empty spots in array, there are insensitive areas. Obliviously for 
detection of photons over empty space, the neighbor pixels should get some light. The 
lighted area is limited by internal reflection. In Figure 2.2 the geometry of reflection 
are presented. 
 
Figure 2.2 – Internal reflection on scintillator – epoxy border 
 
 Based on the geometry it is possible to get easy equation: 
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where R – radius of area for corresponding height H, where inherent photon are not 
reflected; 
           ref  – total internal reflection angle for LYSO-Epoxy (scintillator- lightguide). 
With known refraction indexes the coefficient between radius and height is: 
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where Epoxyn  – refractive index of epoxy (1.53); 
           LYSOn  – refractive index of LYSO (1.81). 
According to formula angle of total internal refraction is 57.7 degrees and proportional 
index is 0.632.  
Radius choosing of insensitive area depends on two criterions: direct sensitivity 
and uniformity of sensitivity. Based on first requirement the biggest insensitive area is 
when light photons emitted exactly above center of empty spot. As empty spot is square 
with side length 6 mm the radius of area is 3 mm. So height according to proportional 
index is 1.9 mm. It means around 2 mm height from LYSO/epoxy surface that is 
insensitive. However, with this height uniformity will not be same depending on XY 
position of interaction. Insensitive area should be close enough to included sensitive 
one without depending on XY position as much as possible. Uniformity in chosen area 
is ratio empty sum of empty spots and SiPMs. Of course because of limited sizes the 
radius should be lower than minimum sizes of array in our case it is width equal to 48 
mm. Therefore, all calculation limited by minimum area and maximum area sizes.  
 Constituently, choosing of unused height is optimization problem, where 
parameters: sensitive area – maximized (sensitivity); fill factor (ratio of sensitive to all 
areas) – independent to XY shifting; radius – minimized. Last property chosen from 
point of cost efficiency and spatial resolution considerations. Due to discretization the 
problem of intersection circle with grid is has complex analytical solution [78]. The 
Monte-Carlo approach was used as solution for intersection area problem for simplicity 
of realization. Main change of fill factor value occurs when new sensitive square are 
included. So logically to suppose that positions of changing the monotone areas are on 
the node or spots where empty spots touches the empty spots, and opposite, where 
distance to nodes is maximum. Of course, such considerations do not guarantee the 
luck of extremum points and so on (Gauss circle problem [79]), but obliviously fill 
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factor limits to 0.5 and all difference to this point are decreasing with increasing of 
radius.  However due to unnecessity of infinitive precision, the suggested algorithm 
covers all important variants. In Figure 2.3 the demonstration of calculated positions 
and dependencies of fill factor on radii are shown.  
   
a) Illustration of minimal 
insensitive area (circle) 
b) Observed point in 
center of cells intersection 
c) Observed point in 
center of sensitive cell 
 
d) Fill factor depending on radius  
 
e) Maximum difference of fill factors for different point positions 
Figure 2.3 – Uniformity calculation explanation and results 
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It is possible to see the results of Monte-Carlo calculation give very non-
monotonic results. Firstly it could be related to relatively low statistics of 
measurements (107 per radius) or strong non linearity of Gauss circle problem. 
However, it worth nothing that for out task import order of difference. According to 
plot difference no exceeds the value with 0.0005, that is completely smaller relatively 
to ideal fill factor 0.5. Therefore, based on calculation it is possible to conclude, that 
influence of uniformity is negligible for considering.  
After uniformity the only required factor is sensitivity, for minimal sensitive 
we are suggested a four minimal cells in grid 3x3 like in Figure 2.3 a). For such 
configuration minimum radius is about 8 mm. So, with coefficient 0.632 the height for 
required sensitive area is 5 mm.  
After all evaluations, the useful thickness is about 5 mm. As LYSO has 
attenuation length 12 mm the thicknesses with 12 mm, 24 mm and 36 mm were chosen 
for comparison, but mainly 24 mm were observed more detailed because of most 
optimum thickness.  
Second variant of plate configuration is sparse array of SiPMs. SiPMs sparse 
configuration is shown in Figure 2.4.  
 
Figure 2.4 – Detector’s plate with sparse order, isometric view 
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Number of SiPMs are 11 along length and 6 along width. Such number were 
chosen for two reasons: ratio of axial FOV and transaxial FOV is close to 2 and the 
size of whole array close of checkboard option for better comparison. As sparse array 
has variable fill factor by changing the pitch (distance between pixells) the size of 
whole plate cold be varied. For first approach the array with fill factor 0.5 was chosen 
to correspond the checkboard variant. The pitch (P) can be found from cell size (c) and 




  (2.2) 
As SiPM’s pixels size is 6 mm, the evaluated pitch is 8.5 mm. With known 
pitch, the sizes of sparse plate are: 11x8.5=93.5 mm length and 6x8.5 = 51 mm. In 
general, the configuration was chosen in way of most adequate comparison of 
checkboard and sparse versions of configuration. The scintillator’s thickness was 
chosen as 24 mm as for checkboard version. 
The full detector is presented by 8 plates formed in rings, the number of rings 
variated, but most common variant with 2 rings. General detector geometry is shown 
in Figure 2.5. 
 
 
Detector isometric view Detector front view 
Figure 2.5 – Full detector view 
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2.2 Detector’s physics simulation 
 
For the simulation of PET system the Geant4 [80] was used. Geant4 is software 
toolkit for simulation of interaction of particles through matter. Geant4 is open-source, 
well-known and widely used software in physics simulation. In addition, one of the 
main advantages of Geant4 is comprehensive building of physics and flexible system 
of physics registration.  
The most important processes for simulation of detector unit are 
electromagnetic and optical.  
 
2.2.1 Electromagnetic processes 
 
Geant4 has built physics packages. For base of physics the 
G4EmStandardPhysics_option4 [81] constructor. 
For photon the next electromagnetic processes are included: 
 Photo-electric effect 
 Compton scattering 
 Rayleigh scattering 
Pair production of electron/positron is excluded due to energy of photons are not 
exceeds the rest energy of electron. For Compton scattering in 
G4EmStandardPhysics_option4 is used Monarsh University model [82]. For photo-
electric effect and Rayleigh scattering the Livermore models are implemented [83]. 
For electron the next electromagnetic processes are included: 
 Ionization and delta ray production 
 Bremsstrahlung 
 Multiple scattering 
 Positron annihilation into two gammas 
Multiple scattering is implemented through the Goudsmit-Sounderson model [84], 
which is с with the single Coulomb scattering model, which is applied for large angle 
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scatterings. UseSafetyPlus step limitation with error free approach near geometry 
boundaries is used for multiple scattering. The value of the Range Factor is 0.08. 
Bremsstrahlung is implemented by the eBremSB. Ionisation is modelled by the Moller-
Bhabha formulation, and positron annihilation is implemented by the eplus2gg model.  
Cross-sections for electromagnetic photon interaction processes as overage for 
LYSO and for it compartment elements are presented in Appendix B. 
Other electromagnetic processes are not described here but included.  
 
2.2.2 Optical processes 
 
For simulation of optical photons next processes are included:  
 Generation of optical photons 
 Scintillation 
 Cerenkov 
 Optical photons interaction 
 Absorption 
 Rayleigh scattering 
 Boundary 
Geant4 has not smooth transition between high energy photons and optical photons.  
Also classical boundary optical interactions in Geant4 are included such as: 
reflection, refraction and absorption.  
For light all the required properties should be defined such as: energy 
resolution, emission spectrum, light output, decay time, absorption length and 
refractive index of medium. In Appendix C the optical parameters for LYSO, epoxy 
and air are shown. 
With 511 keV photons, the average number of created optical photons are: 
0.511x33200 = 16965. High light yield means in one generated Geant4 event created 
around 17 thousands particles. This numbers shows that optical processes are quite 
expensive from point of calculation time. To reduce evaluation time can be used some 
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“trick”. Detection efficiency of SiPM is known from datasheet [85]. So way of 
reducing generated optical photons is taking detection efficiency of SiPM in 
generation. It is means to multiply corresponded wavelength LYSO emission value 
with SiPM efficiency. Such new updated spectrum will already include SiPM 
properties, but the scintillation light yield will reduce on SIPM efficiency coefficient. 
As SiPM J series has average value of efficiency about 50 %. The number of generated 
photons will reduced in half. However, with such approach need to carry about 
recalculating some properties and inability to use data for different SiPMs. 
Fortunately, the surface of SiPM with index 1.53 and epoxy has the same index. 
So border of epoxy/SiPM could be observed as smooth transition of one medium. As 
there are approaches where wrappers or paints that change reflectivity and refraction 
properties [86, 87] the Geant4 provides logical surfaces which properties could be 
define manually with out material properties. But for the first iteration of work classical 
border were used by Snell’s low.  
More detailed information about implemented physical models could be found 
in physics guide of Geant4 [88]. 
 
2.2.3 PET simulation physics verification 
 
To verify the chosen physics of simulation, the simulation experiment was 
simulated. 551 keV photons bombards the thin layer of LYSO then all energy of all 
deposited particles is storage. The result of deposit spectrum is show in Figure 2.6. 
 
Figure 2.6 – LYSO energy spectrum deposition 
Spectrum has all usual features of photon spectrum in scintillator. First of all 
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from 0 to 341 keV the Compton continuum is observed. Compton edge correspond to 
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 (2.3) 
where E0 – the energy of photon before collision, in our case 511 keV; 
           mec
2 – rest energy of electron, 511 keV. 
After calculation the  evaluated Compton edge is 340.7 keV. In Figure 2.6 it is possible 
to see the edge correspond to theory. Also spectrum of Compton scattering corresponds 
to distribution by angle (the energy and angles are unambiguously interconnected) like 
Klein-Nishina distribution [89]. The fact, that the minimum of distribution  in Compton 
range is in scattering angle = 90 degrees also correspond to classic spectrum.  
Photopeak presented by line as in theoretically in ideal spectrum. In addition, 
there are smaller peaks. It is correspond the situation when photopeak occurs, but 
characteristics x-rays are fly out form scintillator with out absorption.   
To sum up all of the above observing we can conclude that implemented 
physics proved by classical observed spectrum in scintillators. 
The next step is absorption of electrons and optical photon creation. In Figure 
2.7 the spectrum of summary energy of generated optical photons per one event is 
shown. As emission spectrum of LYSO is not ideal straight line (Appendix C.2) and 
has non-zero energy resolution the photopeak is presented by like similar to Gauss 
shape. Usually part of spectrum related to photopeak is considered as full width at half 
maximum (FWHM). Based on spectrum data it is possible to define energy window 
equal FWHM. As shown the ratio of photopeak to Compton increasing with increasing 






Figure 2.7 – Summary energy distribution of generated optical photons 
So, main interaction processes are based on electromagnetic and optical 
processes. 
 
2.3 PET scintillation events simulation 
 
To estimate some performance properties is necessary to collect some statistics 
and also observing of characteristic images. In Appendix D the main results of events 
simulation are shown for dense matrix.  
In Appendix D.1 the average distribution on SiPMs is shown. It is possible to 
see that distribution is has Gauss shape like. According to theory, the distribution 
should have the Cauchy distribution [90]. Appendix D.1 shows, that with increasing of 
DOI the maximum value increased and distribution has more narrow shape. As 
spectrum it is overage value the noises and another distortion factors are excluded 
effectively. The peak registered number is about 250 counts. 
In Appendix D.2 results of absorption near to the surface are shown. It is 
possible to see that now distribution not so smooth but the maximum point is still 
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recognizable. The name corner 1 is correspond to checkboard order as in chess, and for 
corner 2 the empty spots and SiPMs are replaced by each other. The XY position of is 
determined by weighted average. As the distance between scatterings is small in 
Appendix D.2. the results are the same for dense SiPM’s array and checkboard version 
both versions. It means results are well when scattering in small. 
In Appendix D.3 same simulation demonstrated as for Appendix D.2, but with 
thickness of LYSO scintillator 36 mm. As seen in Appendix D.3 and Appendix D.2 the 
summary counts are increased well with increasing of thickness that is expected. But 
results of calculations shows that with 36 mm of thickness calculation gives the results 
with errors of same orders as for 24 mm. This means of course that if distance between 
scattering is small enough the results will be good for high range of scintillator 
thicknesses. 
In Appendix D.4 results of absorption are deep enough. In addition, distance 
between initial interaction and absorption is long. As seen on figure the distribution on 
SiPM’s array looks like no circle shape like, but stretched. As all interactions is near 
the LYSO/SiPMs surface, the distribution take small area, narrow shape and maximum 
value is high. Comparison of results shows the difference of calculation  from ground 
truth more then 1 mm and 3 mm. It is means when distance to between interactions 
high enough, the only weighted mean algorithm shows relatively rough results. For 
such purposes is necessary to cluster distribution of the sources like classical k-NN 
method [91]. But interesting moment that checkboard version of array shows same 
orders of results and it is possible to conclude that empty sport not add any distortion 
to results even if interaction close to array. 
In Appendix D.5 same simulation demonstrated as for Appendix D.4, but with 
thickness of LYSO scintillator 36 mm. As seen in Appendix D.4 the distribution now 
more stretched and Gauss shape observed more well.  In addition, the distribution has 
more noise behavior. But results of calculations shows that with 36 mm of thickness 
calculation gives the results with errors of same orders as for 24 mm. This means that 
if distance between scattering is high enough the results will be not so close for high 
range of scintillator’s thickness and this not depends on checkboard or spare 
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arrangement of SiPMs array. 
 
2.3.1 Estimation of scattering effect in position evaluation 
 
As determination of one point of absorption is not complex and well precision 
task, the main problem is scattering, as shown in previous paragraph in satiation when 
distance between scattering point is high, the determination of XY position is hard. 
However, before the determination error estimation, necessary to define how far 
absorption point could be to each other. This parameter mainly depends on physic 
properties of system. In Figure 2.8 the cumulative distribution of maximum distance 
between interaction is shown. 
 
Figure 2.8 – Cumulative probability of maximum distance between interactions 
 
On the Figure it is seen that for 24 mm half of all events will be with scattering 
no more than 1 mm. So if our goal to achieve resolution about 1 mm, the half of events 
will be useful and others needs to be excluded or processed with more modern 
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approaches. It is possible to see that with increasing of thickness of material, the 
probability of maximum distance under 1 mm is decreased. The expected value of all 
distribution is around 0.11 – 0.13 mm. Consequently, the scattering allows to determine 
the XY position under 1 mm.  
The behavior of the curve is high increasing before 0.1 mm and slow increasing 
after 1 mm. As seen on the Figure for 12 – 36 mm thickness under 0.1 mm the slope 
changes and for 1 mm thickness slope the monotonically the same. It can be explained 
with fact that the sizes of scintillator plate is finite by width and length. And after 
scattering photon fly out of the LYSO without interaction.  
 
2.3.2 Photon interaction position estimation  
 
In this work results of XY position calculation were analyzed. In Figure 2.9 
The distribution of calculated X position is shown. The ground truth position is in 
center of checkboard array (true X = 0). 
 




The standard deviation of distribution is around 0.8 mm. The results shows that 
distribution has narrow shape and most of calculated results under 1 mm.  
In addition, the cumulative function of distribution is shown on Figure 2.10. 
 
Figure 2.9 – Estimated X position cumulative distribution for checkboard array 
 
As seen on Figure 2.9 the 71 % of all events were determined with difference 
less than 1 mm from center. In addition, the 61 % were estimated with difference less 
than 0.5 mm. Therefore, even most primitive calculation way gives good results. 
It is also interesting how probability distributed by DOI. On Figure 2.10 the 
probability that detected photon will be determined under 1 mm for different 
thicknesses is shown. It is possible to see that the probability of determination is 
increased in the beginning of DOI and in the end. In the middle region of scintillator 
height the probability decreased. It can be explained by geometry considerations. As 
DOI is higher, the point of interaction is getting closer and determination of position is 
more precise. Increasing at the beginning occurs due to excluding of photon scattered 
back from initial direction. Back scattered photon just fly out of volume without 
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absorption and scattering length is decreased. As seen for all thicknesses the probability 
of estimation of photon under 1 mm is higher than 70 %. 
 
 
Figure 2.10 – Estimated X position cumulative distribution for checkboard array 
 
To observe not only probability but physical properties the root mean square 
error (RMSE) depending on the DOI for different thicknesses. The results are shown 
on Figure 2.11 (CB is checkboard). 
 
Figure 2.11 – Root mean square error depending on DOI 
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The results of calculations demonstrate decreasing of XY RMSE with 
increasing of DOI. In addition, on Figure 2.11 is seen that checkboard version increase 
the RMSE of estimation. Also bigger thickness gives less RMSE of results.  
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3 Financial management, resource efficiency and resource saving 
3.1 Project initiation 
 
Initiation processes define initial goals and content and fix initial financial 
resources. The internal and external stakeholders of the project are determined, which 
will interact and influence the overall result of the scientific project. 
 
3.1.1 Project goals and results 
 
Table 3.1 – Stakeholders of the project 
Stakeholders of the project Stakeholders of the project expectations 
Medical scientific centers, medical equipment 
manufactures. 
Low cost of experiment; 
Flexible experiment modification system; 
High precision of results 
 
Information about the stakeholders of the project, the hierarchy of project goals 
and criteria for achieving goals is presented in upper table. 
Information about the hierarchy of project goals and criteria for achieving goals 
is given in the table below. 
 
Table 3.2 – Project goals and results 
Project goals 
Digital twin model of small-animal PET system for effective 
performance predictions and optimization of system characteristics. 
Expected results of the 
project 
Monte-Carlo simulation with flexible experimental settings and well 
consistency with real world. 
Acceptance criteria of the 
project result 
High precision of experiments and enough statistics 
Requirements to the 
project results 
Project completion on time 
Stability of simulation provided 






3.1.2 Organization structure of the project 
 
Table 3.3 – Project Working Group 
№ Name Position Functions Hours spent 
1 Alekseev N.V. Student Work on project implementation 800 
2 Gogolev A.S. Superviser 
Coordination of work activities and 
assistance in project implementation 
140 
3 Engineer Engineer Building of PC equipment 7 
Total: 1147 
 
The organizational structure of the project is presented in the Table 3.3. 
Engineer Filatov Nikolay Aleksandrovich is employer from research unit of 
TPU “X-Ray Optics International Lab”. As all equipment for work belongs to 
laboratory, the building of PC was done by laboratory specialist.   
 
3.1.3 Assumptions and constraints 
 
Table 3.4 – Limitations and assumptions 
Factor Limitations/assumptions 
1. Project budget 
- for PC and design 
593401 RUB 
1.1 Source of budgeting Customers 
2. Project timeline: 1 Febuary 2021 – 30 May 2021 
2.1 Date of approval of the project 
management plan 
05 February 2020 
2.2 Project completion date 30 May 2020 
3. Other -  
 
Limitations and assumptions are summarized in upper table. 
As a result of the initialization of the project, the goals and expected results 
were formulated, the stakeholders of the project and the financial framework were 
identified, which is important for the completion of the project and its implementation.
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3.1.4 Project planning 
 
Deadlines for the project stages are listed in Table 3.5. In addition, Table 3.6 visualized project schedule in form of bar 
chart also called Gantt chart 
 




Start date Date of completion Participants 
Building PC 1 01.02.2021 02.02.2021 Engineer 
Drawing up the technical assignment 4 01.02.2021 05.02.2021 Supervisor 
Calendar planning 4 06.02.2021 10.02.2021 Supervisor, Student 
Literature review 13 11.02.2021 24.02.2021 Student 
Choosing of PET configuration 3 25.02.2021 28.02.2021 Supervisor, Student 
Detector unit Geant4 implementation 20 01.03.2021 21.03.2021 Student 
Evaluation of detector unit performance 10 21.03.2021 31.03.2021 Student 
Updating of PET configuration 10 01.04.2021 11.04.2021 Supervisor, Student 
Phantoms Geant4 implementation 11 12.04.2021 23.04.2021 Student 
PET system Geant4 implementation 15 24.04.2021 09.05.2021 Student 
Evaluation of PET system performance 10 10.05.2021 20.05.2021 Student 
Summarizing 2 21.05.2021 23.05.2021 Supervisor, Student 
Drawing up a final report 6 24.05.2021 30.05.2021 Student 
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Table 3.6 – Schedule of the project design 
№ Activities Participants 
Тc, 
days 
Duration of the project 
February March April May 
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 
1 Building PC Engineer 1                  
2 Drawing up the technical assignment Supervisor 4                  





           
    
      
4 Literature review Student 13                   
5 Choosing of PET configuration 
Supervisor, 
Student 
3     
 
        
    
     
6 Detector unit Geant4 implementation Student 20                 
7 Evaluation of detector unit performance Student 10                 
8 Updating of PET configuration 
Supervisor, 
Student 
10         
  
   
    
      
9 Phantoms Geant4 implementation Student 11                  
10 PET system Geant4 implementation Student 15                 




2             
     
 
13 Drawing up a final report Student 6                  
* Tc – calendar days     
 Supervisor  Student  Engineer 
Total duration: Alekseev N.V. (Student) – 104 days, Gogolev A.S. (Supervisor) – 23 days, Engineer – 1 day 
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3.1.5 Project budgeting 
 
The project budget must display reliable values for all types of costs associated 
with its implementation. The costs of this project include: 
 Costs of purchasing equipment; 
 Costs of additional materials; 
 Expenses for the main and additional salaries of the theme performers; 
 Costs of social security contributions; 
 
3.1.5.1 Costs of purchasing equipment 
 
Due to digital twin concept only PC equipment required. 
Table 3.7 shows needful basic equipment and accessories, and also its cost for 
scientific work. 
 
Table 3.7 – Cost of equipment and accessories for project 
Name of equipment Quantity, units Price per unit, tsd rub 
Total cost for position, 
tsd rub 
CPU 1 95 95 
Motherboard 1 30 30 
CPU Cooler 1 11 11 
Memory module 1 66 66 
Power supply 1 15 15 
SSD 1 12 12 
Computer case 1 4 4 
GPU 1 7 7 
Monitor 1 25 25 




All transportation costs already are included in price of equipment. 
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Electricity cost are calculated by formula: 
,el eqC P P F    (3.1) 
where  Pel – power rates (5.8 rubles per 1 kWh); 
P – power of equipment (0.65 kW); 
Feq – equipment usage time, hours. (800 hours); 
So, cost of power for project time is about 3016 rubles. 
Depreciation is the gradual transfer of costs incurred to purchase or build 
property, plant and equipment to the cost of the finished product. With its help, money 
spent on the construction or purchase of property is compensated. Depreciation 
deductions are paid during the entire period of property exploitation. 










where  C – Price of PC (271000 rubles); 
Tw – working days (104 days); 
Tfull – life time of equipment (7 years). 
Final deprecation for working period according to (3.2) is 11031 rubles. 
All required software and operation system are open-source, which cost for this 
no needs to include. 
 
3.1.5.2 Costs of additional materials 
 
Table 3.8 shows needful other materials for scientific work. These costs include 
office supplies, printing costs and various equipment required for research except 
specialized equipment. 
 





Price per unit, 
RUB 
Expenses (𝐸М), RUB 







Price per unit, 
RUB 
Expenses (𝐸М), RUB 
Pens Unit 2 50 100 
Pencils Unit 1 50 50 
Ruler Unit 1 40 40 
Printing Page 100 2 200 





The amount of expenses for wages of employees is determined based on the 
labor intensity of the work performed and the current system of salaries and tariff rates. 
The calculation of the basic salary of the head of a scientific project is based on 
the sectoral wage system. The branch system of remuneration at TPU assumes the 
following composition of wages: 
 Salary - determined by the enterprise. In TPU, salaries are distributed in 
accordance with the positions held, for example, assistant, art. lecturer, 
associate professor, professor (see "Regulations on remuneration" given on 
the website of the Planning and Finance Department of TPU). 
 Incentive payments - set by the head of departments for effective work, 
performance of additional duties, etc. 
 Other payments; district coefficient. 
Since incentive bonuses, other payments and incentives depend on the activities 
of the manager in particular, we will take the coefficient of incentive bonuses (kb) equal 
to 30%, and the coefficient of incentives for the manager for conscientious work (kpr) 
activity is 25%, regional coefficient (kr) – 1.3. 






   (3.3) 
where   S  – monthly salary, rub; 
Fy – average number of working days in a month; 
Monthly salary with bonuses SM can be calculated using formula: 
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(1 )M b pr b rS S k k k       (3.4) 
where   Sb – basic monthly salary, rub. 
Additional monthly salary: 
add extra MS k S    (3.5) 
where   kextra – additional salary coefficient (10-15%). For calculation values 10% is 
used. 








    (3.6) 
where  D – number of working days in year (247 days); 
M – number of months in year (12); 
Salary for working period T can be determined through daily salary Sd as: 
W dS S T   (3.7) 
The full salary for working period is: 
W W W
full M addS S S   (3.8) 
where  SM
W – salary with bonuses for working period, rub; 
Sadd
W – additional salary for working period, rub. 
Table 3.9 shows calculated salary values for Supervisor and student. Student 
was equalized to engineer-researcher. 
d
MS  and 
d
addS  are daily corresponding salaries. 
Engineer in this project has one-time job. Salary for building PC by engineer costed 
1000 rubles. 
 

















MS  , 
rub 
W





Gogolev A.S. 45000 90675 9068 4406 441 18 79308 7931 87239 
Alekseev 
N.V. 
20000 40300 4030 1958 196 69 135117 13512 148629 





3.1.5.4 Contributions to social funds 
 
Here I will consider the obligatory contributions according to the norms 
established by the legislation of the Russian Federation to the state social insurance 
bodies (FSS), the pension fund (PF) and medical insurance (FFOMS) from the costs of 
wages of employees. The amount of contributions to extra-budgetary funds is 
determined by the formula: 
W
soc soc fullS k S   (3.9) 
where   ksoc – contribution rate to extrabudgetary funds. 
In accordance with Federal Law № 212-FL of 24.07.2009, the amount of 
insurance premiums is set at 30 %. Table 3.10 shows contributions to social funds. 
 
Table 3.10 – Contributions to social funds 
Participants S, rub kexb Sexb, rub 
Gogolev A.S. 87239 
30% 
26172 
Alekseev N.V. 148629 44589 
Engineer 1000 300 
Total: 71061 
 
3.1.5.5 Formation of the budget of the costs of a research project 
 
Table 3.11 – The total budget of research 
Name Cost, rub Cost, % 
Costs of purchasing equipment 274016 46.17 
Deprecation of equipment 11031 1.86 
Costs of additional materials 425 0.07 
Supervisor salary costs 87239 14.70 
Student (Researcher) salary costs 148629 25.05 
Engineer 1000 0.17 
Contributions to social funds 71061 11.98 




3.2 Economic model development 
3.2.1 Competitiveness analysis of technical solutions 
 
Analysis of competitive technical solutions in terms of resource efficiency and 
resource saving allows to evaluate the comparative effectiveness of scientific 
development. This analysis is advisable to carry out using an evaluation card. 
Technical performance of project strongly depends on CPU power. For this 
work Three configurations were selected: CPU Ryzen 9 5950X, CPU Ryzen 7 5800X 
and real detector. 
The position of the development and competitors is assessed for each indicator 
by an expert method on a five-point scale: 1 – the weakest position, 5 – the strongest. 
The weights of the indicators, determined by expert judgment, should add up to one. 
The analysis of competitive technical solutions is determined by the equation: 
i i
i
C P W    (3.10) 
where   С – the competitiveness of research or a competitor; 
Wi– criterion weight; 
Pi – point of i-th criteria. 
The Table 3.12 shows comparison of three solutions: index f means Ryzen 9 
5950X, i1 – Ryzen 7 5800X, i2 – real detector.  
By comparison, Ryzen 9 5950X shows the best results but Ryzen 7 5800X has 
close results and same orders of values. Real detector has much lower results due to 
concept of project and importance of mutability of configuration in development step. 
 





Pf Pi1 Pi2 Cf Ci1 Ci2 
1 2 3 4 5 6 7 8 
Technical criteria for evaluating resource efficiency 
1. Mutability of configuration 0.4 5 4 1 2.00 1.60 0.4 
2. Development time 0.05 5 5 1 0.25 0.25 0.05 
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1 2 3 4 5 6 7 8 
3. Experiment time 0.05 3 2 5 0.15 0.10 0.25 
4. Consistency  0.1 3 3 5 0.30 0.30 0.50 
5. Preparation time 0.05 5 5 3 0.25 0.25 0.15 
6. Safety 0.01 5 5 4 0.05 0.05 0.04 
Economic criteria for performance evaluation 
1.Development cost 0.1 5 5 1 0.50 0.50 0.10 
2.Price 0.2 4 5 1 0.80 1.00 0.02 
3. Usability for other projects 0.04 5 5 5 0.20 0.20 0.2 
Total 1 40 39 26 4.50 4.25 1.71 
 
3.2.2 SWOT analysis 
 
Complex analysis solution with the greatest competitiveness is carried out with 
the method of the SWOT analysis: Strengths, Weaknesses, Opportunities and Threats. 
Table 3.13 presents the final SWOT-analysis matrix. 
Analysis of SWOT matrix shows that combantion of working on opportunities 
with weaknesses has more reliable options. Also strength features of project works with 
opportunities and threats as well. The lowest number of variants with combination of 
weaknesses and threats. 
 
Table 3.13 – SWOT-analysis 
 Strengths: 
S1. Possibility to change 
configuration. 
S2. Low cost of one experiment. 
S3. Low cost of equipment. 
S4. Portability on other devices. 
S5. Low preparation time. 
Weaknesses: 
W1. Experiment requires a lot of 
time. 
W2. Consistency lower than 
real. 
W3. After project the real 
detector required anyway. 
Opportunities: 
O1. Accelerating calculation of 
experiment. 
O2. Improving of consistency. 
O3. Improving of equipment. 
S1O1. Providing of high 
flexible and fast simulation to 
reduce number of possible 
variants of configurations. 
S4O1. Reducing of transport 
cost through internet transition 
of model. 
S4O3. Using cloud calculation 
W1O1. Using of calculation 
tricks to speed up experiment 
time. 
W2O2. Using some empirical 
knowledge to improve 
consistency. 
W3O3. PC devices can be 
chosen for next usage as part of 
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power as equipment. detector.  
W1O3. Improving of CPU can 
significantly reduce calculation 
time. 
Threats: 
T1. Calculation time to long. 
T2. Model will be not enough 
accurate. 
T3. Disability to include some 
real property. 
S1T2. Exclude insignificant 
properties after testing different 
close configurations. 
S1T3. Tune configuration using 
known empirical data. 
S5T1. Using some tricks before 
each experiment. 
W1T1. Necessary of reducing 
time performance. 
W3T3. Combination of 
simulation knowledge and real 
detector results. 
 
3.2.3 Methods of commercialization of the results of scientific and technical 
research 
 
Due to high price of final PET system (over 150 million rubles), any event of 
selling vary unique and highly depends on customer and developer. But for most 
common situation know-how is preferred as most flexible type for this purpose. 
 
3.3 Evaluation of the comparative efficiency of the scientific research 
project 
 
Determination of efficiency is based on the calculation of the integral indicator 
of the effectiveness of scientific research. Its finding is associated with the 
determination of two weighted averages: financial efficiency and resource efficiency. 
Integral financial indicator 
p
fI   of a scientific research is obtained in the course 
of assessing the budget of the costs of three (or more) variants of the implementation 
of a scientific research. For this, the largest integral indicator of the implementation of 
a technical problem is taken as the calculation base (as the denominator), with which 
the financial values for all execution options are correlated. 
Integral financial indicator 
p









  , (3.11) 
where   Fрi – price for i-th variant of execution; 
 Fmax – maximum cost of execution of a research project (including analogs). 
The resulting value of the integral financial indicator of development reflects 
the corresponding numerical increase in the budget of development costs in times (a 
value greater than one), or the corresponding numerical reduction in the cost of 
development in times (a value less than one, but higher than zero). 
The integral indicator of the resource efficiency ,
p a
m mI I  of the variants of the 
















  , (3.13) 
where   ai  – the weight coefficient of the i
th parameter; 
,a pi ib b  – the score of the i
th parameter for the analog and development, set by an 
expert method on the selected rating scale, index a means alternative, p – project; 
n – the number of comparison parameters. 
For comparative analysis were chosen CPU Ryzen 9 5950X, CPU Ryzen 7 
5800X and real detector as in chapter 3.2.1. 
 





project (Ryzen 9 
5950X) 
Alternative 1 
(Ryzen 7 5800X) 
Alternative 2 
(Real detector) 
1. Mutability 0.3 5 5 1 
2. Execution time 0.2 3 2 5 
3.After usability 0.2 5 4 5 
4. Workers qualification 0.1 4 4 2 
5. Consistency 0.2 3 3 5 




An integral efficiency indicator of the scientific research project 
p
finI  and of the 
analog 
a
finI  are determined according to the formula of the integral basis of the financial 





















Comparison of the integral indicator of the efficiency of the current project and 
analogs will determine the comparative efficiency the project. Comparative project 








  (3.16) 
All calculated indicators are listed in Table 3.15. 
 
Table 3.15 – Comparative project efficiency 
№ Indicator Project, Alternative 1 Alternative 2 
 Final cost, rub 593401 545401 58632548 
1 Integral financial indicator 
p
fI  0.01 0.009 1 
2 Integral resource efficiency indicator ,
p a
m mI I  4.1 3.7 3.5 
3 Integral efficiency indicator ,
a p
fin finI I  408.4 401.2 3.5 
4 











Comparison of the integral indicator allows to understand and choose a cheaper 
option for solving the technical problem in terms of financial and resource efficiency. 






In this financial section, the general organizational and planning stage were 
determined. For effective time managing of project, the Gantt diagram was constructed.  
In addition, the cost required for project were calculated. Summary cost was 
divided onto such groups as: purchasing equipment, additional materials, salaries, 
social security contributions. After all calculations, the final budget of project was 
evaluated as 593401 rubles.  
Finally, economic potential of project was observed. Competitive analysis was 
provided and results show PC with CPU Ryzen 9 5950X as best option for project. For 
developing of project SWOT matrix was constructed. The most varies way according 
to SWOT is use opportunities of improvement to reduce weaknesses of project. As 




4 Social responsibility 
4.1 Introduction 
 
Price of small-animal PET system is high enough (over 150 million rubles). 
That is why important to know performance and optimize configuration of PET system 
to exclude overhead on building step. Digital twin one of the solutions of this problem. 
Simulation of PET system on PC cost much lower than real detectors and allows 
changing configuration fast. In this work Monte-Carlo PET simulation is provided. 
 
4.2 Legal and organizational items in providing safety 
 
Nowadays one of the main ways to radical improvement of all prophylactic 
work referred to reduce Total Incidents Rate and occupational morbidity is the 
widespread implementation of an integrated Occupational Safety and Health 
management system. That means combining isolated activities into a single system of 
targeted actions at all levels and stages of the production process. 
Occupational safety is a system of legislative, socio-economic, organizational, 
technological, hygienic and therapeutic and prophylactic measures and tools that 
ensure the safety, preservation of health and human performance in the work process 
[92]. 
According to the Labor Code of the Russian Federation, every employee has 
the right: 
 to have a workplace that meets Occupational safety requirements; 
 to have a compulsory social insurance against accidents at manufacturing 
and occupational diseases; 
 to receive reliable information from the employer, relevant government 
bodies and public organizations on conditions and Occupational safety at the 
workplace, about the existing risk of damage to health, as well as measures 
to protect against harmful and (or) hazardous factors; 
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– to refuse carrying out work in case of danger to his life and health due to 
violation of Occupational safety requirements; 
– be provided with personal and collective protective equipment in compliance 
with Occupational safety requirements at the expense of the employer; 
– for training in safe work methods and techniques at the expense of the 
employer; 
– for personal participation or participation through their representatives in 
consideration of issues related to ensuring safe working conditions in his 
workplace, and in the investigation of the accident with him at work or 
occupational disease; 
– for extraordinary medical examination in accordance with medical 
recommendations with preservation of his place of work (position) and 
secondary earnings during the passage of the specified medical examination; 
– for warranties and compensation established in accordance with this Code, 
collective agreement, agreement, local regulatory an act, an employment 
contract, if he is engaged in work with harmful and (or) hazardous working 
conditions. 
The labor code of the Russian Federation states that normal working hours may 
not exceed 40 hours per week, The employer must keep track of the time worked by 
each employee. 
Rules for labor protection and safety measures are introduced in order to 
prevent accidents, ensure safe working conditions for workers and are mandatory for 
workers, managers, engineers and technicians. 
 
4.3 Basic ergonomic requirements for the correct location and 
arrangement of researcher’s workplace 
 
The workplace when working with a PC should be at least 6 square meters. The 
legroom should correspond to the following parameters: the legroom height is at least 
600 mm, the seat distance to the lower edge of the working surface is at least 150 mm, 
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and the seat height is 420 mm. It is worth noting that the height of the table should 
depend on the growth of the operator. 
The following requirements are also provided for the organization of the 
workplace of the PC user: The design of the working chair should ensure the 
maintenance of a rational working posture while working on the PC and allow the 
posture to be changed in order to reduce the static tension of the neck and shoulder 
muscles and back to prevent the development of fatigue. 
The type of working chair should be selected taking into account the growth of 
the user, the nature and duration of work with the PC. The working chair should be 
lifting and swivel, adjustable in height and angle of inclination of the seat and back, as 
well as the distance of the back from the front edge of the seat, while the adjustment of 
each parameter should be independent, easy to carry out and have a secure fit. 
 
4.4 Occupational safety 
 
A dangerous factor or industrial hazard is a factor whose impact under certain 
conditions leads to trauma or other sudden, severe deterioration of health of the worker. 
A harmful factor or industrial health hazard is a factor, the effect of which on a 
worker under certain conditions leads to a disease or a decrease in working capacity. 
 
4.4.1 Analysis of harmful and dangerous factors that can create object of 
investigation 
 
During PET scanning the radiopharmaceuticals  are implemented. As this drugs 
have radioactive isotopes all corresponding harmful and dangerous factors such as:  
 Internal exposure to ionizing radiation occurs when radionuclides are 
inhaled, absorbed or otherwise entered the circulation.  
 External radioactive contamination can occur when radioactive material in 
the air (dust, liquid, aerosols) settles on the skin or clothes.  
64 
 
 External irradiation of human body from different gamma – sources, also lead 
to DNA damage. 
 
4.4.2 Analysis of harmful and dangerous factors that can arise at 
workplace during investigation 
 
The working conditions in the workplace are characterized by the presence of 
hazardous and harmful factors, which are classified by groups of elements: physical, 
chemical, biological, psychophysiological. The main elements of the production 
process that form dangerous and harmful factors are presented in Table 4.1. 
 







documents Development Manufacture Exploitation 
1. Deviation of 
microclimate 
indicators 
+ + + 
Sanitary rules 2.2.2 / 2.4.1340–
03. Sanitary and 
epidemiological rules and 
regulations "Hygienic 
requirements for personal 
electronic computers and work 
organization." 
Sanitary rules 2.2.1 / 
2.1.1.1278–03. Hygienic 
requirements for natural, 
artificial and combined lighting 
of residential and public 
buildings. 
Sanitary rules 2.2.4 / 
2.1.8.562–96. Noise at 
workplaces, in premises of 
residential, public buildings 
and in the construction area. 
Sanitary rules 2.2.4.548–96. 
Hygienic requirements for the 

























+ + + 
Sanitary rules GOST 12.1.038-
82 SSBT. Electrical safety. 
Maximum permissible levels 
of touch voltages and currents. 
 
The following factors effect on person working on a computer: 
– physical:  
 temperature and humidity;  
 noise;  
 static electricity;  
 electromagnetic field of low purity; 
 illumination; 
 presence of radiation; 
– psychophysiological: 
 physical overload (static, dynamic)  
 mental stress (mental overstrain, monotony of work, emotional overload). 
 
Deviation of microclimate indicators 
The air of the working area (microclimate) is determined by the following 
parameters: temperature, relative humidity, air speed. The optimum and permissible 
values of the microclimate characteristics are established in accordance with [93] and 
are given in Table 4.2. 
 
Table 4.2 – Optimal and permissible parameters of the microclimate 
Period of the year Temperature, C Relative humidity,% 
Speed of air 
movement, 
m/s 
Cold and changing of seasons 23-25 40-60 0.1 





Noise and vibration worsen working conditions, have a harmful effect on the 
human body, namely, the organs of hearing and the whole body through the central 
nervous system. It result in weakened attention, deteriorated memory, decreased 
response, and increased number of errors in work. Noise can be generated by operating 
equipment, air conditioning units, daylight illuminating devices, as well as spread from 
the outside. When working on a PC, the noise level in the workplace should not exceed 
50 dB. 
 
Increased level of electromagnetic radiation 
The screen and system blocks produce electromagnetic radiation. Its main part 
comes from the system unit and the video cable. According to [93], the intensity of the 
electromagnetic field at a distance of 50 cm around the screen along the electrical 
component should be no more than: 
– in the frequency range 5 Hz - 2 kHz - 25 V / m; 
– in the frequency range 2 kHz - 400 kHz - 2.5 V / m. 
The magnetic flux density should be no more than: 
– in the frequency range 5 Hz - 2 kHz - 250 nT; 
– in the frequency range 2 kHz - 400 kHz - 25 nT. 
 
Abnormally high voltage value in the circuit 
Depending on the conditions in the room, the risk of electric shock to a person 
increases or decreases. Do not operate the electronic device in conditions of high 
humidity (relative air humidity exceeds 75% for a long time), high temperature (more 
than 35 ° C), the presence of conductive dust, conductive floors and the possibility of 
simultaneous contact with metal components connected to the ground and the metal 
casing of electrical equipment. The operator works with electrical devices: a computer 
(display, system unit, etc.) and peripheral devices. There is a risk of electric shock in 
the following cases: 
– with direct contact with current-carrying parts during computer repair; 
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– when touched by non-live parts that are under voltage (in case of violation 
of insulation of current-carrying parts of the computer); 
– when touched with the floor, walls that are under voltage; 
– short-circuited in high-voltage units: power supply and display unit. 
 
Table 4.3 – Upper limits for values of contact current and voltage 
 Voltage, V Current, mA 
Alternate,  50 Hz 2 0.3 
Alternate,  400 Hz 3 0.4 
Direct 8 1.0 
 
Insufficient illumination of the working area 
Light sources can be both natural and artificial. The natural source of the light 
in the room is the sun, artificial light are lamps. With long work in low illumination 
conditions and in violation of other parameters of the illumination, visual perception 
decreases, myopia, eye disease develops, and headaches appear. 
According to the standard, the illumination on the table surface in the area of 
the working document should be 300-500 lux. Lighting should not create glare on the 
surface of the monitor. Illumination of the monitor surface should not be more than 
300 lux. 
The brightness of the lamps of common light in the area with radiation angles 
from 50 to 90° should be no more than 200 cd/m, the protective angle of the lamps 
should be at least 40°. The safety factor for lamps of common light should be assumed 
to be 1.4. The ripple coefficient should not exceed 5%. 
 
4.4.3 Justification of measures to reduce the levels of exposure to 
hazardous and harmful factors on the researcher 
 
Deviation of microclimate indicators 
The measures for improving the air environment in the production room 
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include: the correct organization of ventilation and air conditioning, heating of room. 
Ventilation can be realized naturally and mechanically. In the room, the following 
volumes of outside air must be delivered:  
– at least 30 m 3 per hour per person for the volume of the room up to 20 
m 3 per person;  
– natural ventilation is allowed for the volume of the room more than 40 
m 3 per person and if there is no emission of harmful substances. 
The heating system must provide sufficient, constant and uniform heating of 
the air. Water heating should be used in rooms with increased requirements for clean 
air.  
The parameters of the microclimate in the laboratory regulated by the central 
heating system, have the following values: humidity 40%, air speed 0.1 m/s, summer 
temperature 20-25 ° C, in winter 13-15 ° C. Natural ventilation is provided in the 
laboratory. Air enters and leaves through the cracks, windows, doors. The main 
disadvantage of such ventilation is that the fresh air enters the room without 
preliminary cleaning and heating. 
 
Excessive noise 
In research audiences, there are various kinds of noises that are generated by 
both internal and external noise sources. The internal sources of noise are working 
equipment, personal computer, printer, ventilation system, as well as computer 
equipment of other engineers in the audience. If the maximum permissible conditions 
are exceeded, it is sufficient to use sound-absorbing materials in the room (sound-
absorbing wall and ceiling cladding, window curtains). To reduce the noise penetrating 
outside the premises, install seals around the perimeter of the doors and windows. 
 
Increased level of electromagnetic radiation 
There are the following ways to protect against EMF: 
– increase the distance from the source (the screen should be at least 50 cm 
from the user); 
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– the use of pre-screen filters, special screens and other personal protective 
equipment. 
When working with a computer, the ionizing radiation source is a display. 
Under the influence of ionizing radiation in the body, there may be a violation of 
normal blood coagulability, an increase in the fragility of blood vessels, a decrease in 
immunity, etc. The dose of irradiation at a distance of 20 cm to the display is 50 
µrem/hr. According to the norms [93], the design of the computer should provide the 
power of the exposure dose of x-rays at any point at a distance of 0.05 m from the 
screen no more than 100 µR/h. 
Fatigue of the organs of vision can be associated with both insufficient 
illumination and excessive illumination, as well as with the wrong direction of light. 
 
Abnormally high voltage value in the circuit 
Measures to ensure the electrical safety of electrical installations: 
– disconnection of voltage from live parts, on which or near to which work 
will be carried out, and taking measures to ensure the impossibility of 
applying voltage to the workplace; 
– posting of posters indicating the place of work; 
– electrical grounding of the housings of all installations through a neutral 
wire; 
– coating of metal surfaces of tools with reliable insulation; 
– inaccessibility of current-carrying parts of equipment (the conclusion in the 
case of electroporating elements, the conclusion in the body of current-
carrying parts) [94]. 
 
Insufficient illumination of the working area 
Desktops should be placed in such a way that the monitors are oriented 
sideways to the light openings, so that natural light falls mainly on the left. 
Also, as a means of protection to minimize the impact of the factor, local 
lighting should be installed due to insufficient lighting, window openings should be 
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equipped with adjustable devices such as blinds, curtains, external visors, etc. 
 
4.5 Ecological safety 
4.5.1 Analysis of the impact of the research object on the environment 
 
Sources of ionizing radiation used in medicine could be divided into two 
groups: radioactive substances and radiation generators. The difference is that radiation 
generators like accelerators and x-ray tubes emit ionizing radiation only when they are 
turned on.   
In ordinary work with necessary safety precautions, there are insignificant 
impact of using sources of ionizing radiation on environment. The immediate effect of 
ionizing radiation is ionization of air in room, but after a specified time the ionization 
disappears. 
The danger of using radioactive materials could occur only in accidents with 
stealing and loosing these materials due to high toxicity. 
 
4.5.2 Analysis of the environmental impact of the research process 
 
Process of investigation itself in the thesis do not have essential effect on 
environment. One of hazardous waste is fluorescent lamps. Mercury in fluorescent 
lamps is a hazardous substance and its improper disposal greatly poisons the 
environment. 
Outdated devices goes to an enterprise that has the right to process wastes. It is 
possible to isolate precious metals with a purity in the range of 99.95–99.99% from 
computer components. A closed production cycle consists of the following stages: 
primary sorting of equipment; the allocation of precious, ferrous and non-ferrous 
metals and other materials; melting; refining and processing of metals. Thus, there is 





4.5.3 Justification of environmental protection measures 
 
Pollution reduction is possible due to the improvement of devices that produces 
electricity, the use of more economical and efficient technologies, the use of new 
methods for generating electricity and the introduction of modern methods and 
methods for cleaning and neutralizing industrial waste. In addition, this problem should 
be solved by efficient and economical use of electricity by consumers themselves. This 
is the use of more economical devices, as well as efficient regimes of these devices. 
This also includes compliance with production discipline in the framework of the 
proper use of electricity. 
Simple conclusion is that it is necessary to strive to reduce energy consumption, 
to develop and implement systems with low energy consumption. In modern 
computers, modes with reduced power consumption during long-term idle are widely 
used. 
 
4.6 Safety in emergency 
4.6.1 Analysis of probable emergencies that may occur at the workplace 
during research 
 
The fire is the most probable emergency in our life. Possible causes of fire: 
– malfunction of current-carrying parts of installations; 
– work with open electrical equipment; 
– short circuits in the power supply; 
– non-compliance with fire safety regulations; 
– presence of combustible components: documents, doors, tables, cable 
insulation, etc. 
Activities on fire prevention are divided into: organizational, technical, 




4.6.2 Substantiation of measures for the prevention of emergencies and the 
development of procedures in case of emergencies 
 
Organizational measures provide for correct operation of equipment, proper 
maintenance of buildings and territories, fire instruction for workers and employees, 
training of production personnel for fire safety rules, issuing instructions, posters, and 
the existence of an evacuation plan. 
The technical measures include compliance with fire regulations, norms for the 
design of buildings, the installation of electrical wires and equipment, heating, 
ventilation, lighting, the correct placement of equipment. 
The regime measures include the establishment of rules for the organization of 
work, and compliance with fire-fighting measures. To prevent fire from short circuits, 
overloads, etc., the following fire safety rules must be observed: 
– elimination of the formation of a flammable environment (sealing 
equipment, control of the air, working and emergency ventilation); 
– use in the construction and decoration of buildings of non-combustible or 
difficultly combustible materials; 
– the correct operation of the equipment (proper inclusion of equipment in the 
electrical supply network, monitoring of heating equipment); 
– correct maintenance of buildings and territories (exclusion of the source of 
ignition - prevention of spontaneous combustion of substances, restriction of 
fire works); 
– training of production personnel in fire safety rules; 
– the publication of instructions, posters, the existence of an evacuation plan; 
– compliance with fire regulations, norms in the design of buildings, in the 
organization of electrical wires and equipment, heating, ventilation, lighting; 
– the correct placement of equipment; 
– well-time preventive inspection, repair and testing of equipment. 
In the case of an emergency, it is necessary to: 
– inform the management (duty officer); 
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– call the Emergency Service or the Ministry of Emergency Situations - 
tel. 112; 
– take measures to eliminate the accident in accordance with the instructions. 
 
4.7 Conclusion  
 
In this section about social responsibility the hazardous and harmful factors 
were revealed. All necessary safety measures and precaution to minimize probability 
of accidents and traumas during investigation are given.  
Possible negative effect on environment were given in compact form describing 
main ecological problem of using nuclear energy.  
It could be stated that with respect to all regulations and standards, investigation 






Firstly, the existing commercially available small-animal PET scanners were 
observed. Most important characteristics such as: spatial resolution, energy resolution, 
sensitivity, axial and transaxial FOV were evaluated. Changing of parameters from 
older to state-of-art scanners shows main trends: increasing of axial FOV, decreasing 
of transaxial FOV, achievement of spatial resolution under 1 mm. Based on this main 
features of simulated scanner were determined: scintillator material is LYSO; ability 
of DOI evaluation through monolithic scintillator; electronic is d-SiPM. SiPM’s are 
presented as checkboarded pattern with sensitive cell size 6x6 mm. The length of one 
unit of detector is 96 mm and width is 48. The thickness of scintillator is 24 mm that 
is doubled attenuation length for 511 keV photons.  
Secondly, the unit of detector was simulated. Main physical electromagnetic 
and optical processes were determined. Cross-sections and deposition curves 
correspond to classical shapes for such experiments. Based on technical documentation 
the optical properties of scintillator were implemented for calculations. Explanation of 
degradation of energy resolution due to LYSO emission spectrum is given.  
Finally, some performance characteristics of detector’s unit were measured. 
Individual simulations show significant influence of distance between scatterings and 
XY determination error. However, evaluated maximum distance under 1 mm have 
around 40 % of all events. After this XY error determination was calculated an results 
show that generally 70 % of all events were determined with error less then 1 mm.  
In this work were no covered also interesting questions such as: DOI 
performance calculation, increasing of spatial resolution near to edge of units and 
influence of coating on performance. 
In future, it plans to provide full PET scanners model with evaluated 
performance on NEMA-4 2008 standard
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Table A.1 – Design characteristics of small-animal PET scanners 








microPET P4 Siemens LSO (8 x 8) 2.2 x 2.2 x 10 PSPMT 190 78 
microPET Focus-
220 
Siemens LSO (12 x 12) 1.5 x 1.5 x 10 PSPMT 190 76 
Inveon-DPET Siemens LSO (20 x 20) 1.5 x 1.5 x 10 PSPMT 100 127 
Mosaic-HP Philips GSO 2 x 2 x 10 PMT 128 119 
Argus Sedecal 
LYSO/GSO  
(13 x 13)/(20 x 20) 
1.45 x 1.45 x 7/8 PSPMT 67 48 
ClearPET Raytest GmbH 
LYSO/LuYAP 
(8 x 8)/(8 x 8) 
2 x 2 x 10/10 PSPMT 144 110 
VrPET Sedecal LYSO (30 x 30) 1.4 x 1.4 x 12  PSPMT 86.6 45.6 
LabPET12 Gamma Medica LYSO/LGSO 2 x 2 x 11.9/13.3 APD 100 112.5 
X-PET Gamma Medica BGO (8 x 8) 2.3 x 2.3 x 9.4 PMT 100 116 
NanoPET/CT Mediso LYSO (39 x 81) 1.1 x 1.1 x 13 PSPMT 123 94.8 
nanoScan 
(PET82S) 
Mediso LYSO (29 x 29) 1.5 x 1.5 x 10 PSPMT 80 98.6 
Albira Bruker LYSO (monolithic) 50 x 50 x 10 MAPMT 80 148 
Albira Si Bruker LYSO (monolithic) 50 x 50 x 10 SiPM 80 148 
PETbox4 UCLA BGO (24 x 50) 1.8 x 1.8 x 7 PSPMT 45 95 
G4 Sofie Bioscience BGO (24 x 50) 1.8 x 1.8 x 7 MAPMT 45 94 
G8 Sofie Bioscience BGO (26 x 26) 1.8 x 1.8 x 7.2 MAPMT 47.44 94.95 
GNEXT Sofie Bioscience 
LYSO/BGO  
(8 x 8)/(8 x 8) 
1.01 x 1.01 x 6.1 
1.5 x 1.5 x 8.9 
Not available 120 104 
ClairvivoPET Shimadzu 
LYSO/LYSO 
(32 x 53)/(32 x 54) 
1.3 x 2.7 x 7 PMT 102 151 
91 
 








TransPET-LH Raycan LYSO 1.9 x 1.9 x 13 PSPMT 130 53 
Xtrim-PET Parto Negar Persia LYSO (24 x 24) 2.1 x 2.1 x 10 SiPMs 100 50.3 
β-cubes Molecubes LYSO (monolithic) 25 x 25 x 8 MPPC 72 130 
VECTor MILabs NaI(Tl) (monolithic) 590 x 470 x 9.5 Not available 48 36 
MuPET 
University of Texas 
M.D. Anderson 
Cancer Center 
LYSO (30 x 30) 1.2 x 1.4 x 9.5 PMT 100 116 
 
Table A.2 – Performance characteristics of small-animal PET scanners 
Scanner Spatial resolution, mm Energy resolution, % 
Peak absolute 
sensitivity, mm3 
Noise equivalent count 
rate-Mice, kcps 
Scatter fraction, % 
microPET P4 2.29 (at 5 mm) 26 1.19 601 5.2 
microPET Focus-220 1.75 (at 5 mm) 18.5 2.06 763 7.2 
Inveon-DPET 1.63 (at 5 mm) 14.6 3.42 1670 7.8 
Mosaic-HP 2.70 17 2.28 555 5.4 
Argus 1.63 26 6.72 117 21.0 
ClearPET 1.94 (at 5 mm) 25 2.83 73 31.0 
VrPET 1.48 16.5 2.22  74 11.5 
LabPET12 1.65 (at 5 mm) 19 5.40 362 16.0 
X-PET 2.00 Not available 9.30 106 7.9 
NanoPET/CT 1.03 19 8.40 430 15.0 
Albira 1.55 18 6.30 Not available Not available 
Albira Si 0.89 15 9.00 576 Not available 
PETbox4 1.61 18 18.10 35 28.0 
G4 1.35 18 14.00 Not available Not available 
G8 < 1.00 19.3 9.00 44 11.0 
ClairvivoPET 2.16 (at 5 mm) Not available 8.70 415 17.7 
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Scanner Spatial resolution, mm Energy resolution, % 
Peak absolute 
sensitivity, mm3 
Noise equivalent count 
rate-Mice, kcps 
Scatter fraction, % 
TransPET-LH 0.95  13 2.40 110 11.0 
Xtrim-PET 2.01 12 2.20 113 12.5 
β-cubes 1.06 12 5.70 300 11.3 
VECTor 0.6 Not available 10.00 Not available Not available 






Figure B.1 – Compton scattering cross-sections for different LYSO’s elements 
 
 




Figure B.3 – Photo-electric effect cross-sections for different LYSO’s elements 
 
 





Table C.1 – Optical properties of detector materials 





Absorption length, cm 
Rayleigh attenuation 
lengths, cm 
LYSO 7.1000 1.81 33200 36 50 260  
Epoxy 1.2000 1.53 - - - - 
Air 0.0012 1.00 - - - - 
 
 






















Figure D.5 – Example of deep interaction of photon and SiPM’s output with LYSO thickness 36 mm 
